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1
MODULAR ADJUSTABLE PULSE
GENERATOR

BACKGROUND

The subject matter disclosed herein relates to a pulse gen-
erator circuit, particularly a pulse generator circuit utilizing a
modular approach for generating compressed pulses of
adjustable duration and amplitude.

Pulsed power has numerous applications in industry such
as medical treatment, biotechnology, food processing, water
treatment (e.g., water purification), exhaust gas treatment,
ozone generation, and ion implantation. Unfortunately, cer-
tain types of pulse generation technology are limited to gen-
eration of pulses having a set amplitude, shape, and duration.
Some applications in which electric pulses are used (e.g.,
platelet activation, electroporation) could benefit from the
ability to create a series of electric pulses that vary in ampli-
tude, shape, and duration. Currently, for a given pulse-gen-
eration device, awkward and time-consuming hardware
modifications are involved in creating pulses with a different
amplitude or duration. Additional concerns in many environ-
ments in which pulse generators are used include, ease of use,
the need for physical isolation, and space limitations. There is
therefore a need for a system of pulse generation that is
configurable in command software rather than hardware, is
able to generate pulses, pulse patterns, and pulse clusters of
variable duration and amplitude, and is relatively compact
while maintaining appropriate physical isolation of compo-
nents.

BRIEF DESCRIPTION

In one embodiment, a pulse generation system for applying
electric pulses across aload includes a first plurality of energy
storage modules connected in series on a positive chain and
configured to apply a positive potential to the load and a
second plurality of energy storage modules connected in
series on a negative chain and configured to apply a negative
potential to the load. Each energy storage module of the
positive chain and the negative chain includes a rectifier and
a storage element, and at least one control element.

In another embodiment, an electric pulse generation sys-
tem includes a first plurality of energy storage modules con-
nected in series on a positive chain configured to apply a
positive potential to a load, and a second plurality of energy
storage modules connected in series on a negative chain con-
figured to apply a negative potential to the load. Each respec-
tive energy storage module of the positive chain and the
negative chain includes at least one control element config-
ured to bypass the respective energy storage module from or
insert the respective energy storage module into its respective
chain, and a processor configured to receive an input related
to one or more characteristics of a pulse and provide instruc-
tions to the at least one control element of each respective
energy storage module based on the input to insert or bypass
the respective energy storage module.

In yet another embodiment, an electric pulse generation
system includes a first plurality of energy storage modules
connected in series on a positive chain configured to apply a
positive potential to a load, a second plurality of energy
storage modules connected in series on a negative chain con-
figured to apply a negative potential to the load and a proces-
sor. The processor is configured to receive a first input related
to one or more characteristics of a pulse and provide first
instructions to a plurality of control elements coupled to
respective energy storage modules based on the first input,
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and receive a second input related to one or more character-
istics of a pulse and provide second instructions to the plu-
rality of control elements based on the second input. The first
instructions comprise instructions to bypass a first subset of
the energy storage modules of the first plurality of energy
storage modules and/or the second plurality of energy storage
modules and the second instructions comprise instructions to
bypass a second subset of the energy storage modules of the
first plurality of energy storage modules and/or the second
plurality of energy storage modules.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a block diagram illustrating an embodiment of a
pulse generation system;

FIG. 2 is a block diagram illustrating an embodiment of a
modular adjustable pulse generating circuit with a positive
chain providing positive potential and a negative chain pro-
viding negative potential.

FIG. 3 is a schematic illustration of an embodiment of a
storage module of the positive chain of FIG. 2;

FIG. 4 is a schematic of an embodiment of one of the
storage modules of the negative chain of FIG. 2;

FIG. 5 is a schematic of an embodiment of the power
source of FIG. 1;

FIG. 6 is a schematic illustration of an embodiment of the
modular pulse generator of FIG. 2 not explicitly including
local pulse compression;

FIG. 7 is a graph illustrating an uncompressed pulse and a
compressed pulse generated by an embodiment of the present
disclosure;

FIG. 8 is an illustration of an embodiment of a fast active
switch including a thyristor acting in breakover mode, that
may be used as the first and second switch of a module as
shown in FIGS. 3 and 4 to enable local pulse compression and
switching;

FIG. 8A is a graph of the voltage-current characteristics of
the thyristor of FIG. 8 that allow the thyristor to enable fast
switching and local pulse compression;

FIG. 9 is an illustration of an embodiment of a fast active
switch, including a highly nonlinear magnetic core, that may
be used as the first and second switch of a module, as shown
in FIGS. 3 and 4;

FIG. 9A is a graph illustrating the characteristic flux den-
sity to magnetic field strength behavior of a highly nonlinear
magnetic core, showing the qualities that allow the nonlinear
magnetic core to enable fast switching.

FIG. 10 is an embodiment of the load coupling system of
FIG. 1; and

FIGS. 11-22 are examples of pulse waveforms that may be
generated by embodiments of the present disclosure;

DETAILED DESCRIPTION OF THE INVENTION

As discussed in detail below, embodiments of the present
technique function to provide a system for generating pulses
of variable width and amplitude. Provided herein are tech-
niques for providing electrical pulses using a modular
approach allowing for user-initiated, automatic adjustment of
amplitude and duration. In one embodiment, a system
includes multiple energy storage modules connected in series
on a chain providing positive potential, and multiple energy
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storage modules connected in series on a chain providing
negative potential. The negative potential, positive potential,
or a combination of the negative and positive potentials is
applied across a load to create potential of certain amplitude.
Further, control elements including high voltage fast switches
and control systems allow for fast switching and generation of
pulses having segments with varying durations.

In circuit design, maintaining adequate clearance distance
between components may prevent dielectric breakdown
between electrodes caused by the ionization of air. Because
adequate clearance distances increase with the working volt-
age experienced by a circuit, many high powered pulse gen-
erators require significant amounts of space. In embodiments
described herein, the use of a positive chain and the negative
chain relaxes the clearance required between system compo-
nents, resulting in a more compact system.

Further, storage elements in a pulsed power system may
benefit from a specially adapted charging source for example,
to provide power thatis isolated from the source, and that is of
a certain frequency. Accordingly, some embodiments include
devices with a charging unit DC power source connected
across an H bridge providing an AC current across a primary
winding of a transformer, and outputs on secondary windings
on the transformer for each module of the pulse generation
system.

Specific applications of pulsed power may benefit from
coupling systems that are tailored to a specific type of load.
Accordingly, in some embodiments, the load may be a bio-
logical load placed in a cuvette with certain characteristics
that reduce the chance of breakdown (e.g., arcing). In other
embodiments, the coupling of the pulse generation system to
aload may be by direct current, inductive coupling, or capaci-
tive coupling. The disclosed techniques may be implemented,
for example, in medical treatment, biotechnology, food pro-
cessing, water treatment (e.g., water purification), exhaust
gas treatment, ozone generation, and ion implantation. In
particular, the samples exposed to the pulsed electric field
may be samples used in medical treatment, biotechnology,
food processing, water treatment (e.g., water purification),
exhaust gas treatment, ozone generation, and/or ion implan-
tation techniques.

FIG. 1 shows schematically a system 10 for pulse genera-
tion. The pulse generation system 10 includes an adjustable
pulse generating circuit 12 and load coupling system 20 (e.g.,
a cuvette including a sample for exposure to the pulsed elec-
tric field) for coupling a load to the system 10. In certain
embodiments, the pulse generation system 10 may include
suitable control and input circuitry and may be implemented
in a dedicated housing. Alternatively, the system 10 may be
coupled to a computer that provides some control and/or
monitoring of the pulse generation system 10. The system 10
may include a processor 40 that controls the electric field
generator 12. Additional components of the pulse generation
system 10 may include a memory 42 for storing instructions
that are executed by the processor 40. Such instructions may
include protocols and/or parameters for the electric field gen-
erated by the electric field generator 12. The processor 40 may
include, for example, general-purpose single- or multi-chip
microprocessors. In addition, the processor 40 may be any
conventional special purpose processor, such as an applica-
tion-specific processor or circuitry. The memory 42 may be a
mass storage device, a FLASH memory device, a removable
memory, etc. In addition, a display 44 may provide indica-
tions to an operator related to the operation of the pulse
generation system 10. The system 10 includes a user input
device 46 (e.g., a keyboard, mouse, touchscreen, trackball,
hand held device such as atablet computer, PDA, smart phone
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or any combination thereof) for activating the electric field
generator 12 and/or selecting appropriate parameters.

FIG. 2 is ablock diagram illustrating an embodiment of the
pulse generating circuit 12 of FIG. 1 that may be incorporated
into any suitable pulse generation system 10. As depicted, the
circuit 12 includes an upper portion, herein referred to as the
positive chain 112 and a lower portion, herein referred to as
the negative chain 114. However, it should be understood that
the physical positions of the positive chain 112 and negative
chain 114 on the circuit 12 may be exchanged and/or may be
in any suitable configuration relative to ground for providing
the pulsed electric field. The positive chain 112 and negative
chain 114 are each electrically coupled to opposite sides of
the load coupling system 20. The positive chain 112 includes
of one or more storage modules 118 in series. As discussed
below, the positive chain 112 is configured to apply positive
potential to one side of the load. As also discussed below, the
negative chain 114 is configured to provide negative potential
on the opposite side of the load coupling system 20. The
positive 112 and negative chains 114 each include one or
more modules 118 in series. Each storage module 118 con-
tains elements that collect charge from a charging unit 119
and store the energy until the storage module 118 is applied to
contribute to a pulse.

As discussed below, each storage module 118 also includes
control elements that allow it to be inserted into the line or
bypassed, i.e., bypassed such that the stored energy of the
bypassed storage module 118 does not contribute to the asso-
ciated chain. The arrangement of the storage modules 118 in
series allows for the energy stored in the individual storage
modules 118 to be added together when they are inserted into
the circuit. A decoder 120 receives a control signal from the
processor 40 and sends control signals on individual control
lines 122 coupled to each storage module 118. Control signals
received from the decoder on the respective control lines 122
direct the individual storage modules 118 to either be inserted
and applied to contribute to the total applied voltage or
bypassed. Control logic within the individual storage mod-
ules 118 is discussed in greater detail below. Every storage
module 118 that is inserted into the circuit contributes to the
overall potential difference experienced by the load coupling
system 20. Through this individual control of each storage
module 118, the magnitudes of pulsed power applied across
the load are able to be varied.

FIG. 3 is a schematic of an embodiment of an example of a
storage module 118 of the positive chain 112 of FIG. 1. When
the storage module 118 is the first in the positive chain 112,
the bottom leg 124 of the module will be tied to ground. The
configuration relative to ground 124 permits the storage mod-
ule 118 to provide a positive charge to the load coupling
system 20. The storage module 118 includes a rectifier and
storage element 130 that is charged via the charging unit 119,
described below. The rectifier and storage element 130 may
include one or more high voltage energy storage capacitors
(e.g. a capacitor bank). In other embodiments, the rectifier
and storage elements may include high voltage energy storing
inductors, a combination of energy storing capacitors, induc-
tors, and batteries, or any other high voltage energy storing
components. A resistor 134 in series with the rectifier and
storage element 130 may act as a stabilizing load. For
example, the resistor 134 may absorb overflow charge when
the rectifier and storage element 130 has reached capacity due
to for example an unbalanced power supply. Also tied across
the rectifier and storage element are a first switch 136 on a
high side of a half bridge circuit and a second switch 138 on
a low side of the halfbridge. As discussed below, each switch
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136 and 138 may be an active switch that allows for genera-
tion of pulses with a relatively steep rise, known as pulse
compression.

As shown, the control line 122 is connected to inputs of a
buffer 140 and an inverted buffer 142. The output 144 of the
buffer 140 is connected to the gate of the first switch 136. The
output of the inverted buffer is connected to the gate of the
second switch 138. Because the buffers 140 and 142 share an
input with the control line 122 of the storage module 118, a
single signal on the control line 122 can control the pair of
switches 136 and 138 substantially simultaneously, and
oppositely. For example, the processor 40 of FIG. 1 may send
a signal to the decoder 120 that is translated into a signal in a
high state. This high state signal is transmitted along the
control line 122 to its respective storage module 118. The
buffer 140 outputs a signal 144 that mirrors the input, in this
case, a high state signal. The output of the buffer (e.g., the
high state signal) is received by the first switch 136, activating
it. At the same time, the inverted buffer 142 provides an output
146 opposite to the input. Therefore a high signal on the
control line 122 results in a low signal on the output 146 of the
inverted buffer 142. The low signal received by the second
switch 138 leaves it in a deactivated (e.g., open) state. Thus,
the single control signal is able to simultaneously control the
first switch 136 and second switch 136 oppositely.

The activation of the first switch on the high side of the half
bridge inserts the rectifier and storage element 130 of the
storage module 118 into the positive chain 112. The module
output 148 of each storage module 118 is tied to the bottom
leg 124 of each subsequent module 118. This configuration
places each inserted rectifier and storage element 130 in
series allowing the applied power to be added.

FIG. 4 is a schematic of an embodiment of one of the
storage modules 1184 of the negative chain 114 of FIG. 2. The
first storage module on the negative chain the high side 124a
of module half bridge is tied to ground. The grounding of the
high side reverses the polarity of the voltage drop across the
rectifier and storage elements 130, resulting in the negative
voltage drop desired in the negative chain 114. As with the
storage modules 118 on the positive chain 112, the output
148a of each storage module 118a on the negative chain 114
is tied to the high side 1244 of each subsequent module 118a,
allowing each rectifier and storage element 130 to be tied in
series upon being inserted by the control elements. This con-
figuration allows the series of elements on the negative chain
114 to produce a voltage with absolute value proportional to
the number of modules inserted, but negative with respect to
ground.

As illustrated, control line 122a for the storage module
118a on the negative chain 114 is connected to inputs of a
buffer 140a and an inverted buffer 142a. The output 144a of
the buffer 140qa is connected to the gate of the first switch
136a. The output of the inverted buffer 1424 is connected to
the gate of the second switch 1384. Similarly to the control
line 122 on the storage module 118 on the positive chain 122,
the buffers 140a and 142a shown share an input with the
control line 122a of the storage module 118a. Thus, a single
signal on the control line 122a can control the pair of switches
136a and 138a substantially simultaneously, and oppositely.
But, because of the reverse configuration of the buffers (i.e.,
the output of the buffer 1404 is tied to the second switch 1384
and the output of the inverted buffer 1424 is tied to the first
switch 1364a) the behavior of the storage module 118a is
reversed. For example, a high state signal transmitted along
the control line 122a to its respective storage module 118a
will result in a high signal output from the buffer 140q and a
low signal output from the inverted buffer 142a. The output of

20

25

40

45

6

the buffer (e.g., the high state signal) is received by the second
switch 138a, placing it in an activated (e.g. closed) state. At
the same time, the first switch 138a receives the low signal
output of the inverted buffer 142a, leaving the switch 1384 in
adeactivated (e.g., open) state. Thus, the single control signal
is able to simultaneously control the first switch 136 and
second switch 136 oppositely.

The activation of the second switch 1384 on the low side of
the half bridge bypasses the rectifier and storage element 130
of the storage module 118a so that its charge is not added to
the charge applied by the negative chain 114. Thus, a high
signal applied to the control line 122a of the module 1184
results in a bypassed module, while a high signal applied to
the control signal 122, as pictured in FIG. 3, results in an
inserted module 118. As with the positive chain 112, the
module output 148a of each storage module 1184 on the
negative chain 114 is tied to the bottom leg 124 of each
subsequent module 118. This configuration places each
inserted rectifier and storage element 130 in series, allowing
the applied power to be added or bypassed.

FIG. 51is a schematic of an embodiment of the charging unit
119 of FIG. 2. As shown, a DC power supply 162 is connected
across an H bridge. The H bridge consists of two circuit
branches 164 and 166 connected across the DC power source
162. The two branches 164 and 166 are bridged by outputs to
the primary winding 168 of a transformer 170. Each branch
164 and 166 of the H bridge contains a high switch 171 and
172 located on the branch on one side of the output and a low
switch 173 and 174 located on the branch below the output. A
control line 176 is connected to a buffer 178 and inverted
buffer 180. The control signal sent on the control line 176 may
be tied to the same processor 40 and decoder 120 that controls
the insertion or bypass of the modules. In other embodiments,
the control signal for the charging unit 119 may be tied to a
separate processor or a dedicated controller. The buffer 178
outputs to the high switch 171 on one branch and the low
switch 174 on the other. The inverted buffer 180 outputs to the
other two switches 172 and 173. In this manner, a control
signal 176 can simultaneously and oppositely operate each
set of switches. Thus AC power of a desired frequency is
provided to the first winding 168 of the transformer. The
transformer includes one secondary winding 182 for each
storage module 118 to be powered. The output of each sec-
ondary winding 182 is routed to the input of the rectifier and
power storage elements 130 of each storage module 118, as
shown in FIG. 2. In some embodiments, feed-forward control
may be used to control the H bridge of the charging unit 119.
That is, because the processor receives user input correspond-
ing to the desired pulses or pulse patterns before the power is
supplied, the processor may control the H bridge to charge to
individual storage modules in advance of application. In this
way, the charging of the storage modules is not controlled
reactively by the load, but instead by the external control of
the processor directing the operation of the H bridge. In this
way the storage modules 118 and 1184 may remain charged at
higher levels for longer periods, retaining more even power
levels with less fluctuation after applying power to the load.
Control of the charging unit may also enable storage modules
to apply voltages lesser than their capacity. For example,
storage modules with a capacity of 1 kV may be charged with
a voltage of only 800V (e.g., by controlling H bridge fre-
quency or the input DC voltage). This may enable the pulse
generation system greater flexibility, specifically, the ability
to apply pulses with amplitudes that are a multiples of differ-
ent voltages (e.g., multiples of 800V instead of multiples of 1
kV).
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FIG. 6 illustrates an embodiment of the pulse generation
system 10 including six modules 118 on the positive chain
112 and six modules 118 on the negative chain 114 not explic-
itly including local pulse compression. As discussed in
greater detail below, the implementation of certain active
switch technology may enable pulse compression on a local
or modular level. Each module 118 in the illustrated embodi-
ment may be configured to provide approximately 1 kilovolt
(kV); however, it should be understood that the storage mod-
ules 118 may be configured to store more or less potential.
Each storage module 118 inserted (e.g., not bypassed and
applied) on the positive chain 112 creates a positive potential
that is combined with any negative potential created by the
storage modules 118 inserted on the negative chain 114. That
is, if all six modules 118 on the positive chain 112 are inserted
to create 6 kV of positive potential. Similarly, if all six mod-
ules 118 on the negative chain 114 are inserted, -6 kV of
potential is generated on the negative chain 114. Thus, by
tying one side of the load coupling system 20 each to the
positive chain 112 and negative chain 114, a combined poten-
tial of approximately 12 kV is able to be applied across the
load coupling system 20. It should be understood that because
each module may be individually controlled, operation of the
chains may be asymmetrical. For example, one module 118 of
the positive chain may be inserted, and 3 modules 118a of the
negative chain may be inserted to apply a potential of approxi-
mately 4 kV. Further, an embodiment with 6 modules on each
of the positive and negative chains can provide pulses with
amplitude of 1, 2, 3, 4, 5, 6,7, 8, 9, 10, 11, or 12 kV. For
example, if 8 kV is desired, multiple combinations of mod-
ules 118 on the positive and negative chains 112 and 114 may
be inserted to create 8 kV (e.g. any four positive modules
combined with any four negative modules, all six positive
modules combined with any two negative modules, any two
positive modules combined with all six negative modules, any
five positive modules combine with any three negative mod-
ules, any three positive modules combined with any five
negative modules, etc.). Accordingly, the system 10 has mul-
tiple possible pathways for creating the desired pulse ampli-
tude by activating the positive chain 112 and the negative
chain 114 at the same time (e.g., simultaneously). In this
manner, a pulse generation system 10 may be created with
any suitable number of energy storage modules 118 in the
positive chain 112 and the negative chain 114 based on the
desired electric field strength and/or range of strengths of the
generated pulses. Thus, adding more energy storage modules
to the positive chain 112 and/or the negative chain 114 may
increase the possible range of amplitudes. In certain embodi-
ments, the number of energy storage modules 118 on the
positive chain 112 and the negative chain 114 are equal.

The dual-chain configuration of present embodiments, in
which each of the two chains is capable of contributing a
portion of (e.g., roughly half) the potential across the load,
yields a more compact circuit design. This is due to the
relaxed clearance design requirements for components in the
dual-chain circuit design. That is, usage of components with
significantly more lenient clearance requirements (e.g.,
requirements for physical separation of circuit elements and
dielectric materials) may be used when compared to a similar
circuit using only one chain. For example, in the embodiment
illustrated in F1G. 6, 12 kV of potential is able to be generated
by the circuit. But, due to the dual-chain configuration, the
components only experience up to 6 kV of working voltage.
Because elements are rated for 6 kV, the required clearances
are lesser than if elements were to be rated for a working
voltage of 12 kV. Further, because required clearances
increase greater than linearly in relation to potential rating of
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circuit components, significant space savings are possible.
For example, in the present embodiment, the clearance
requirements are less than half for the elements rated for 6 kV
as compared to elements that would be rated at 12 kV. Thus,
using the two chain configuration, the circuit is able to have
much smaller size than a single-chain circuit design provid-
ing the same potential.

FIG. 7 is a graph illustrating an uncompressed pulse 190
and a compressed pulse 192 generated by certain embodi-
ments of the present disclosure. In many applications of
pulsed power, it is desirable to have a pulse with a steep rise,
as seen in the compressed pulse 192. Described below are
embodiments that implement fast active switches to enable
the desired steep rise.

FIG. 8 is an illustration of an embodiment of a fast active
switch 200 that may be used as the first 136 and second switch
138 of a module as shown in FIGS. 3 and 4. The implemen-
tation of this fast active switch enables pulse compression on
the local (e.g., modular) level. In this embodiment, the active
switch 200 includes a thyristor 202 and an IGBT 204. In other
embodiments the thyristor 202 may be combined with other
active switch technologies (e.g, MOSFET, MCT, thyristor,
BJT). The switch 204 may also be composed of various
materials (e.g., Si, SiC, GaN). The thyristor 202 acting in its
normal mode of operation is an efficient electronic switch
able to provide control at very high power levels with very
low power dissipation. As shown in FIG. 8, the thyristor 202
includes an anode 206, cathode 208, and gate 210.

FIG. 8A is a graph of the voltage-current characteristics
212 of a thyristor 202. When used independently as a switch,
gate to cathode current I ; 214 locks the thyristor 202 into an
“on” state 216. The thyristor 202 remains in the “on” state
even if the triggering voltage is removed, and remains “on”
until the anode to cathode current drops below the holding
current 1,;218. In certain embodiments, the switching action
of'the thyristor 202 is too slow to create pulses of the desired
compression (e.g., pulses with fast rise times as illustrated in
FIG. 7). Therefore, an IGBT 204 may be included in series
with the thyristor 202. The IGBT 204 supports a voltage
greater than the breakdown voltage V5, 222 of the thyristor.
When a high control signal (e.g. a signal from an output of the
buffer or inverted buffer of FI1G. 2) is received at the gate 224
of the IGBT 204, the IGBT 204 is activated. The activated
IGBT 204 acts as a closed switch so that the voltage exceed-
ing Vz, 222 that had been supported by the IGBT 204 is then
supported by the thyristor 202. As seen in FIG. 6, at Vi, 222
the thyristor 202 undergoes a fast switch independent from
any gate current [ ; 214. This behavior is known as the brea-
kover condition of the thyristor 202 and allows it to act as a
fast switch. Due to the characteristics of the thyristor 202
allowing it to support high voltages, the combination of the
thyristor 202 and IGBT 204 create the fast active switch 200
able to support high voltages. Because each storage module
118 may be individually controlled using this fast active
switch 200, pulse compression is achieved on a distributed
basis (i.e., within each individual module). This distributed
pulse compression enables the variable pulses that may be
created by the system to all be sufficiently compressed. That
is, even if a pulse is the result of superimposed signals for
different modules 118, because the compression is distributed
throughout each module, the rise times in all segments of the
pulse will remain compressed.

FIG.9 illustrates an additional embodiment of a fast active
switch 250 that may be used as the first 136 and second switch
138 of a module as shown in FIGS. 3 and 4. The fast active
switch 250 includes a highly nonlinear inductor (e.g., ahighly
non-linear magnetic core 252) and an active switch 254 in
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series, both in parallel to a diode 256. The switch 250 may be
an IGBT, MOSFET, MCT, thyristor, BIT, or any other active
switch device. The nonlinear properties of the magnetic core
252, not the speed of the switch 250, that allow the combina-
tion to operate as a fast active switch and achieve magnetic
pulse compression.

FIG. 9A is a graph of the characteristic flux density to
magnetic field strength behavior 270 (i.e., the B-H curve) of
the highly nonlinear magnetic core 252, showing the qualities
that allow the nonlinear magnetic core to enable fast switch-
ing. When the switch 254 is closed, the capacitance of any
load causes it to act as a short circuit, and the voltage from the
storage module 118 is applied across the magnetic core 252.
With current through the magnetic core 252 being zero, the
magnetic field strength is also zero 272 and impedance, being
proportional to the slope of the B-H curve, is very high.
Therefore, the magnetic core 252 acts as an open circuit, and
the input voltage is applied directly to the magnetic core 252.
With time, the flux density in the nonlinear magnetic core 252
grows. When the flux density reaches B_,, 274, the impedance
of the inductor 252 rapidly becomes virtually zero creating a
nearly instantaneous short circuit. It should be noted that the
slope of B-H curve ofthe particular magnetic core device 252,
not the speed of the switch 254, that influences the switching
speed of the voltage applied to the load.

It is envisioned that the pulse generation system 10 as
provided herein may be implemented as a single-purpose
device (e.g., for platelet activation) or as a multi-purpose
device that may be used for additional electric field exposure
applications (e.g., electroporation, purification). Further, the
system 10 may be configured to generate a pulsed electric
field according to one or more protocols. The protocols may
be generated by user inputs and/or may be stored in the
memory 42 to be selected by the user. In one embodiment, the
system 10 may operate without any user input to the activa-
tion protocol other than an input to start activation once a load
is coupled to the load coupling system 20. In such an embodi-
ment, the electric field generator 12 may operate under con-
trol of the processor 40 to operate a single protocol with
predetermined electric field strength, pulse length, and/or
total exposure time. Such a protocol may be determined by
empirical studies. In other embodiments, the system 10 may
be configured to receive a user input related to the electric
field strength, pulse length, waveform shape, pulse pattern,
cluster number, period of time between pulses and between
clusters and/or total exposure time. In one embodiment, the
system 10 may be configured to determine a most efficient
path for generating the desired pulse based on the configura-
tion of the energy storage modules 118. That is, where mul-
tiple paths are possible, the system 10 may default to the most
efficient path. Further, the system 10 may be configured to
generate a particular pulse shape or to generate a series of
pulses that may differ from one another according to a user
input and/or a stored protocol setting. Examples of various
segmented and variable-amplitude signals that are able to be
generated in compressed form by present embodiments are
illustrated and discussed below.

In some embodiments, the load may include any kind or
any number of cells in a buffer or biological fluid. The pulse
generator may be coupled to the load in a variety of ways,
including directly, through capacitive coupling, or through
inductive coupling. Direct coupling may be achieved by the
use of metallic contacts directly on the liquid. Capacitive
coupling uses displacement current induced by electric plates
in proximity, but isolated from the sample. Inductive coupling
utilizes inductive coils in close proximity to the sample.
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Depicted in FIG. 10 is an embodiment of a load coupling
system 20 as introduced in FIG. 1. In certain embodiments,
the load coupling system 20 may include electrode sets (or
arrays of electrodes) 320 and 322. In the depicted embodi-
ment, a cuvette 324 includes a containment portion 326, and
electrodes 320 and 322. The electrodes 320 and 322 are
spaced apart on opposing walls of the containment 326. The
containment portion 326 may be formed from a dielectric
material (e.g. acrylic) that isolates the opposing electrodes
320 and 322 as well as holds the liquid sample 330 (e.g. a
biological fluid containing platelets, a purification sample) in
a suitable volumetric configuration. In certain embodiments,
the cuvette 324 is disposable and is removable from a sample
holder 332. In these embodiments, the containment portion
326 orients contacts 328 of the electrodes so that they prop-
erly align within the sample holder 332. Proper alignment
puts the electrodes 320 and 322 in contact with the outputs of
the pulse generation circuit 12 thereby exposing the sample
330 within the cuvette 324 to the desired electric field. As
mentioned above, the containment portion 326 holds the elec-
trodes 320 and 322 spaced apart from one another. The gap
between these electrodes 320 and 322 will influence the
strength of the electric field for a given applied voltage. In one
embodiment, the cuvette 324 is configured to have a 1 cm gap
between the electrodes 320 and 322. The electric field
strength is the ratio of the applied voltage to the distance
between the two electrodes and may be expressed in V/cm or
kV/cm. For example, for applying 1 V across a 1 cm cuvette
gives an electric field strength of 1 kV/cm. For implementa-
tions in which a smaller cuvette is used, e.g., a 0.5 cm cuvette,
500 V may be used to achieve a 1 kV/cm field strength. The
location where an electrode 320 or 322, the containment
portion 326, and the liquid sample 330 meet may be referred
to as a triple point 327. In some embodiments, to reduce the
likelihood of electrical breakdown (e.g. arcing) at the exposed
area 334 of the triple point 327 (i.e., the surface of the elec-
trode not submerged in fluid), the electrodes 320 and 322 may
be tapered along the containment portion 326 wall. This
tapering increases the gap between the triple points 327 and
may significantly decrease the field strength along the
exposed triple point 334 (e.g. reduce field strength by as much
as five times).

As discussed herein, the pulse generation system 10 may
be configured to provide electric pulses having desired char-
acteristics. FIGS. 11-22 show examples of pulses and/or
pulse patterns that may be generated by the pulse generator
system 10 and applied to a load. The pulses applied by the
pulse generation system 10 may have different combinations
of'amplitude and duration depending on the implementation.
FIG. 11 is a square wave pulse 400 with a relatively higher
amplitude and shorter pulse length than the pulse 402 shown
in FIG. 12. As discussed above, different amplitudes and
pulse durations may be controlled by the processor 40 of the
pulse generation system 10. FIG. 13 is an embodiment where
a pulse 404 has a higher amplitude, shorter duration portion
406 and a lower amplitude, longer duration portion 408. The
pulse 404 has a variable shape and is not a square wave. In
certain embodiments, the higher amplitude, shorter duration
portion 406 may target some components of a sample, and the
longer duration portion 408 may affect other components of a
sample. For embodiments in which a pulse of 1 microsecond
or more is generated, the higher amplitude, shorter duration
portion 406 is 1 microsecond to about 30 microseconds and
the lower amplitude, longer duration portion 408 is 99 micro-
second to about 70 microseconds. Further, the higher ampli-
tude, shorter duration portion 406 may have an amplitude that
is at least twice the amplitude of the lower amplitude, longer
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duration portion 408. FIG. 14 is an embodiment in which the
lower amplitude, longer duration portion 408 is the first part
of the pulse 410 and the higher amplitude, shorter duration
portion 406 is the second part of the pulse 410. The pulses of
FIGS. 13 and 14, each including at least 2 portions having
varying amplitude which may or may not have different dura-
tions, may be referred to as pulse patterns. It is contemplated
that in some applications it may be desirable to repeat these
pulse patterns with short periods of separation to create a
repeating pulse pattern (e.g., repetition of a pulse 404 three
times with a 1 microsecond separation). This pulse pattern
repetition may be referred to as a pulse cluster.

FIGS. 15-18 show different pattern combinations of square
wave pulses. For example, FIG. 15 is an example of a pulse
pattern 410 with a lower amplitude, longer duration pulse 420
followed by a higher amplitude, shorter duration pulse 422.
FIG. 16 shows a pattern 423 in which the arrangement
between the pulses 420 and 422 is reversed. For a repeating
pulse pattern, the effects of the patterns 410 and 420 may be
similar. FIG. 17 shows a pattern 424 in which a pulse 426 of
amplitude and duration between those of the pulses 420 and
422 is part of the pattern. FIG. 18 shows an example of a
different pattern 430 in which the medium amplitude and
duration pulse 426 is arranged as the first pulse in the pattern
430. As with the pulse patterns illustrated in FIGS. 13 and 14,
the pulse patterns in FIGS. 15-18 may be repeated to form a
repeating pulse pattern that may be referred to as a pulse
cluster.

In some embodiments the number of different amplitudes
able to be applied is equal to the total number of storage
modules 118 and 118« included in the pulse generating cir-
cuit 12. For example, in a pulse generating circuit 12 contain-
ing 10 positive modules 118 and 10 negative modules 10,
pulses of 20 different amplitudes may be generated. It is also
contemplated that the pulses may include shaped patterns
within each pulse. This may be enabled by the processor 40
sending control signals that insert and bypass modules 118 at
various intervals during the duration of a pulse, creating
pulses with amplitudes that may step up and down within the
pulse. For example, FIG. 19 shows an example of a pulse
pattern 450 with higher amplitude portions, lower amplitude
portions, and medium amplitude portions. FIG. 20 shows an
example of a pulse pattern 460 with alternating high and low
amplitude portions. FIG. 21 is a pulse cluster 500 formed
from a series of pulse patterns 450, and FIG. 22 is a pulse
cluster 510 formed from a series of pulse patterns 460. Fur-
ther, it is contemplated that pulse clusters may include com-
binations of different types of shaped pulses, such as pulses
450 and 460. Further, pulse clusters may be repeated to form
repeated clusters. Pulse pattern repetition and pulse cluster
repetition may allow for definitions of series of pulses that are
more complex than individual pulses or pulse patterns. In
certain embodiments, the use of multiple storage modules
may allow for an energy balancing technique. That is, for
patterns requiring repeated pulses or pulse patterns within a
short time-span, storage modules may be alternated, utilizing
arelatively “fresh” storage module for each pulse component.
For example, in order to apply a pulse pattern requiring 6
repeating pulses 400 as shown in FIG. 11, using, for example,
the pulse generating circuit of FIG. 6 having six storage
modules 118 on the positive chain 112 and six modules 1184
on the negative chain 114, the processor 14 of the pulse
generating system may direct a first module 118, then a sec-
ond module 118, then a third module 118 from the positive
chain 112 to be applied, and then a first module 1184, then a
second module 118a, and then a third storage module 1184
from the negative chain 114 to be applied in series. If another
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similar pulse pattern is desired, the processor may direct the
remaining “fresh” storage modules to be applied (i.e., the
fourth, fifth and sixth storage modules 118 from the positive
chain 112, and the fourth, fifth, and sixth modules 1184 from
the negative chain 114). This energy balancing method may
provide even wear on the components, as well as additional
time for individual storage modules to recharge before being
re-inserted and applied to the load. Because pulses or pulse
patterns may be repeated using fresh modules this technique
may enable shorter delays between pulses or pulse patterns.

Technical effects of the invention include a pulse genera-
tion system with a more compact circuit design that also
provides increased range and complexity in a generated
pulsed electric field for a variety of applications.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not difter from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal languages of
the claims.

The invention claimed is:

1. A pulse generation system for applying electric pulses
across a load, comprising:

a first plurality of energy storage modules connected in
series on a positive chain and configured to apply a
positive potential to the load; and

a second plurality of energy storage modules connected in
series on a negative chain and configured to apply a
negative potential to the load, wherein each energy stor-
age module of the positive chain and the negative chain
comprises:

a rectifier and a storage element; and
at least one control element;
where said control element comprises a first switch
and a second switch in a half bridge configuration
configured to allow each energy storage module to
be inserted into or bypassed by its respective chain;
and
each switch comprises an active switch and a thyristor
acting in breakover mode in series or an active
switch and an inductor with a highly non-linear
magnetic core in series, wherein the active switch
comprises an IGBT, MOSFET, MCT, Thyristor, or
BIT; and

wherein the pulses are compressed locally, on a modular
level.

2. The system of claim 1, wherein the positive chain and the

negative chain contribute about the same potential to the load.

3. The system of claim 1, wherein the positive chain and the
negative chain contribute unequal potential to the load rela-
tive to one another.

4. The system of claim 1, wherein coupling of the pulse
generation system to the load is by direct current, inductive
coupling, or capacitive coupling.

5. The system of claim 1, wherein the positive chain and the
negative chain have the same number of energy storage mod-
ules.

6. The system of claim 1, wherein the system comprises:

a cuvette coupling the positive chain and the negative chain
to a biological sample, wherein the cuvette comprises:
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opposing electrodes disposed on opposite sides of a
dielectric containment element supporting a gap
between the electrodes, the clectrodes having a
tapered portion that tapers towards a top surface of the
cuvette such that a narrowest point of the electrodes
relative to one another is closer to the top surface than
awidest point of the electrodes relative to one another.

7. The system of claim 1, comprising a charging unit con-
figured to change each energy storage module.

8. An electric pulse generation system comprising:

a first plurality of energy storage modules connected in
series on a positive chain configured to apply a positive
potential to a load;

a second plurality of energy storage modules connected in
series on a negative chain configured to apply a negative
potential to the load;

wherein each respective energy storage module of the posi-
tive chain and the negative chain comprises at least one
control element configured to bypass the respective
energy storage module from or insert the respective
energy storage module into its respective chain;

aprocessor configured to receive an input related to one or
more characteristics of a pulse and provide instructions
to the at least one control element of each respective
energy storage module based on the input to insert or
bypass the respective energy storage module; and

a charging unit configured to charge one or more of the first
plurality of storage modules and the second plurality of
storage modules, wherein the charging unit comprises
an DC power source connected across an H bridge pro-
viding an AC current across a primary winding of a
transformer, and outputs from a secondary winding on
the transformer for each respective energy storage mod-
ule, and wherein the processor is configured to operate
the charging unit in a feed-forward control mode.

9. The system of claim 8, wherein the control elements
comprise a first switch and a second switch in a half bridge
configuration.

10. The system of claim 8, comprising:

acuvette coupling the positive chain and the negative chain
to the load, wherein the cuvette comprises:
electrodes disposed on opposite sides of a dielectric

containment element, the electrodes comprising a
tapered upper portion.
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11. An electric pulse generation system comprising:

a first plurality of energy storage modules connected in
series on a positive chain configured to apply a positive
potential to a load;

a second plurality of energy storage modules connected in
series on a negative chain configured to apply a negative
potential to the load; and

a processor configured to:

receive a first input related to one or more characteristics of
a pulse and provide first instructions to a plurality of
control elements coupled to respective energy storage
modules based on the first input; and

receive a second input related to one or more characteris-
tics of a pulse and provide second instructions to the
plurality of control elements coupled to respective
energy storage modules based on the second input;
wherein the first instructions comprise instructions to
bypass a first subset of the energy storage modules ofthe
first plurality of energy storage modules and/or the sec-
ond plurality of energy storage modules and wherein the
second instructions comprise instructions to bypass a
second subset of the energy storage modules of the first
plurality of energy storage modules and/or the second
plurality of energy storage modules.

12. The system of claim 11, wherein the system operates in
an energy balancing mode, wherein subsequent subsets com-
prise energy storage modules not included in prior subsets.

13. The system of claim 11, wherein the second subset is
larger than the first subset and wherein a pulsed electric field
generated by the second input has higher amplitude than a
pulsed electric field generated by the first input.

14. The system of claim 11, wherein the first subset or the
second subset comprises only energy storage modules from
the first plurality of energy storage modules and not from the
second plurality of energy storage modules.

15. The system of claim 11, wherein the first subset or the
second subset comprises only energy storage modules from
the second plurality of energy storage modules and not from
the first plurality of energy storage modules.

16. The system of claim 11, comprising:

a cuvette coupling the positive chain and the negative chain

to the load, wherein the cuvette comprises:

electrodes disposed on opposite sides of a dielectric
containment element, the electrodes comprising a
tapered upper portion.
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